Electronic health records (EHRs) are increasingly useful for health services research. For relatively uncommon conditions, such as multiple myeloma (MM) and its treatment-related complications, a combination of multiple EHR sources is essential for such research. The Shared Health Research Information Network (SHRINE) enables queries for aggregate results across participating institutions. Development of a rational search strategy in SHRINE may be augmented through analysis of preexisting databases. We developed a SHRINE query for likely non-infectious treatment-related complications of MM, based upon an analysis of the Multiparameter Intelligent Monitoring in Intensive Care (MIMIC II) database. Using this query strategy, we found that the rate of likely treatment-related complications significantly increased from 2001 to 2007, by an average of 6% a year ( p=0.01), across the participating SHRINE institutions. This finding is in keeping with increasingly aggressive strategies in the treatment of MM. This proof of concept demonstrates that a staged approach to federated queries, using external EHR data, can yield potentially clinically meaningful results.
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BACKGROUND
The advent of electronic health records (EHRs) has created the possibility of phenome-driven research. [1] [2] [3] However, such research is often hampered by small sample sizes at individual institutions, and limited granularity of large electronic databases. For example, the study of complication rates of multiple myeloma (MM) has been hampered by the lack of detailed information in large databases such as the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER, http://seer.cancer.gov). New tools such as Informatics for Integrating Biology and the Bedside (i2b2), which is a common architecture for EHR-derived databases, and the Shared Health Research Information Network (SHRINE), a federated query tool which extracts information from multiple individual i2b2 instances, may significantly enable phenome-driven research. [4] [5] [6] [7] [8] In this pilot study, we explored the degree to which SHRINE, which is enabled at five Harvard Medical School institutions (Beth Israel Deaconess Medical Center, Brigham and Women's Hospital, Children's Hospital Boston, Dana-Farber Cancer Institute, and Massachusetts General Hospital), could be employed to find statistically significant patterns of changing rates of serious complications in patients with MM. To develop a rational search strategy, we used a separate publicly available database to generate a list of encoded complications associated with the treatment of MM. The treatment of MM has changed significantly over the past decade, and we hypothesized that resultant patterns of treatment-related complications might also have changed.
METHODS
We first ran a general SHRINE query for all patients diagnosed with MM, using any of the eight International Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) codes in the Agency for Healthcare Research and Quality's Clinical Classifications Software (CCS) Group 40: MM, as well as the codes for plasma cell leukemia (203.1*) and neoplasm of uncertain behavior of plasma cells (238.6). 9 We considered a patient to have 'established care' at one of the SHRINE institutions if they had five or more occurrences of one or more of these primary diagnosis codes.
To identify codes pertaining to serious MM-associated complications, we conducted an analysis of patients with MM, identified as above, in the Multiparameter Intelligent Monitoring in Intensive Care (MIMIC II) database. 10 MIMIC II is a large, publicly available, database of hospital admissions occurring between 2001 and 2007, where at least part of the admission was spent in the intensive care unit. The ICD-9-CM codes and derived CCS groupings generated at the end of each identified admission were used as a proxy for phenotype. The one-sided exact binomial test was used to calculate whether the observed rate of an ICD-9-CM code and/or CCS grouping in the MM subgroup was significantly greater than the expected rate of the code/grouping in the overall MIMIC II cohort. 11 Statistical significance was defined as p=0.05 divided by the total number of binomial tests performed (the Bonferroni correction).
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Significant ICD-9-CM codes and CCS groups were then manually categorized as (1) infectious complications of MM or its treatment; (2) noninfectious complications of MM; (3) non-infectious treatment-related complications; or (4) non-specific/ unrelated. Using these categories, we queried SHRINE for rates of encoding for non-infectious treatment-related complications for patients diagnosed with MM between January 1, 2001 and December 31, 2007. Queries were performed in 1-year periods for the MM diagnosis, with 60 months allowed for complications, in order to capture late complications. Individual hospital results of '10 or fewer patients' were considered to be zero entries, and the mean results of the remainder were combined to form an aggregate estimate. Simple linear regression was used to evaluate for a trend in complications over time, with p<0.05 considered statistically significant; R 2 was calculated to determine goodness of fit. 11 The SHRINE query topic was approved by the SHRINE data steward; both SHRINE and MIMIC II are institutional review board exempt. All investigators completed the appropriate human subjects training.
RESULTS
Eighty-five patients were diagnosed with MM in the MIMIC II dataset, accounting for 102 total hospital admissions. In aggregate, there were 1203 ICD-9-CM codes from these hospitalizations, corresponding to 407 unique ICD-9-CM diagnoses and 137 unique CCS groupings. Excluding the ICD-9-CM codes and CCS group corresponding to MM itself, there were 24 significant diagnosis codes and CCS groupings ( were felt to be too non-specific to be included in the query strategy. ICD-9-CM codes 733. 13 We identified a total of 3307 patients in SHRINE with five or more occurrences of any of the primary terms; representation was across the participating institutions, with no majority (<50%) from any single institution. A total of 1235 patients had one or more occurrences of any of the selected condition codes, giving an overall rate of 37% for non-infectious treatment-related complications. The rate of these codes increased significantly, by an average of 6. 
DISCUSSION
This pilot project has demonstrated that SHRINE can be used to obtain aggregate information about patients diagnosed with MM across multiple institutions. Furthermore, we demonstrated a significant increase in the rate of condition codes for noninfectious treatment-related complications in this population, using encoded definitions identified through external analysis. At least three significant developments during the evaluated time period may account for these findings, including the apparent discrepancy seen between 2006 and 2007: (1) autologous, and to a lesser degree allogeneic, stem cell transplants became widespread in the treatment of MM 13 14 ; (2) bortezomib, thalidomide, and lenalidomide became frequently used in the treatment of MM [15] [16] [17] ; (3) universal healthcare was introduced in Massachusetts.
The apparent discontinuity between 2006 and 2007 was seen across multiple institutions. One possible explanation is that the seminal studies establishing lenalidomide as a treatment for MM were published in 2007 18 19 ; long-term follow-up of the Assessment of Proteasome Inhibition for Extending Remissions trial, which established bortezomib as a treatment for MM, was also published in 2007. 20 Bortezomib and lenalidomide both commonly cause neuropathy, and thus individual codes within CCS groups 81 and 95 may account for the jump in the complication rate in 2007; confirmation of this hypothesis will be sought in future work. Universal healthcare, which was started mid-2006 might have resulted in more patients entering treatment over time. Finally, although changes is coding practices might also account for a portion of the observed changes, this would be difficult to demonstrate, without patient-level chart abstraction. MM is considered incurable, although the recent advances in treatment described above have improved diseasefree survival and, possibly, overall survival. Whether the increase in treatment-related complications seen in this particular population has been accompanied by an increase in disease-free survival or by a decrease in overall mortality could not be determined with the current version of SHRINE.
Given that there are 17 000 ICD-9-CM codes, the initial evaluation for complications using the MIMIC II database was essential for the rational development of SHRINE queries. While MIMIC II represents a generally sicker population than that in SHRINE, its ease of use and comprehensiveness make it a useful database. Analysis of the results from MIMIC II makes it clear that human experts (including several of the authors of this paper) could generate only a partial list of the complication codes found, and this problem will become even more acute with future coding systems such as ICD-10. Future work will include validation of the results from MIMIC II on more general electronic medical record databases, possibly with the aid of phenotype visualization tools that are being developed. 21 This general approach has several notable weaknesses. As mentioned, since MIMIC II represents a critically ill cohort, the patterns of complications, as defined by ICD-9-CM codes and CCS groupings, may not reflect a more typical outpatient population. However, ICD-9-CM phenotype is better defined in the inpatient setting owing to the increased use of multiple codes, on average about 10 for each patient in the case of MIMIC II. Even with this increased level of phenotypic detail, causality is often difficult to determine with the ICD-9-CM coding system. For instance, MM is often associated with infections due to frequent concomitant hypogammaglobulinemia; the treatment for MM is also associated with infections through other immunosuppressive mechanisms. Because ICD-9-CM does not distinguish the underlying cause of infection, we were unable to reliably assess infectious treatment-related complications. Thus, we probably underestimated the rate of overall treatment-related complications. Additionally, it must be acknowledged that phenome-wide analysis does not directly account for biases and confounding variables. It is possible that we also misestimated the study population in SHRINE, as a result of our definition of 'established care.' The cut-off point of five or more primary diagnosis code occurrences was chosen as a compromise between including patients who might have been only seen on a few occasions (eg, for a second opinion) and excluding patients who succumbed rapidly to their disease (eg, critically ill patients not surviving an initial hospitalization). There is no distinct cut-off point that can reliably differentiate over-exclusions and over-inclusions. On a related note, one important general caveat about SHRINE queries is that the same patient may be seen across multiple institutions, and thus be counted twice.
Subject to these limitations, SHRINE is a promising application which will become increasingly powerful with the participation of additional institutions. In conclusion, we have shown that SHRINE, when informed by data derived from an external database, can be a powerful tool to help answer specific health services research questions. For MM, in particular, this study demonstrates that treatment-related complications appear to have increased over time. Future work will focus on replicating this finding over an increased number of institutions, as SHRINE becomes more comprehensive, and investigating whether outcomes also changed over the observed time period. Whether complications which by their nature could be secondary to disease or to treatment (such as infectious complications in the case of MM) can be reliably incorporated through further algorithmic refinement will also be a focus of future work. Finally, the generalizability of the process will be examined by evaluating several other disease phenotypes.
